Introduction
The two-photon absorption in dye solutions becomes relevant at elevated laser intensities as they are readily available from Q-switched or mode-locked lasers. The two-photon absorption in dye solutions is applied for the duration measurement of picosecond laser pulses by fluorescence trace analysis [1] . Dye laser action was achieved by two-photon excitation [2, 3] . The two-photon absorption may act as a power limiter in high-power lasers [4] [5] [6] . It is a competitive third-order non-linear optical process that influences other non-linear optical effects [7] . . The two-photon absorption cross-sections of dye molecules were measured previously by fluorescence analysis [9] [10] [11] [12] [13] [14] [15] . In a recent paper [16] the S 0 -S" (n ^ 2) two-photon absorption dynamics of rhodamine dyes was studied by transmission measurements and theoretical simulations.
In the present paper the S 0 -S, two-photon absorption dynamics of the cationic dyes rhodamine 6G (a xanthene dye), safranine T (a diazine dye), methylene blue (a diazine dye), fuchsin (a triarylmethane dye), l,3,3,1^3^3'-hexamethylindocarbocyanine iodide (HMICI (a cyanine dye)) and l,3,r,3 / -tetramethyl-2,2 , -dioxopyrimido-6,6 / -carbocyanine hydrogen sulphate (PYC (a cyanine dye)) is studied. A mode-locked Nd-phosphate glass laser is used as pump laser (wavelength A L = 1.054/zm, pulse duration At L % 5ps FWHM). The intensity-dependent transmission of the picosecond laser pulses is measured. The two-photon absorption cross-sections, <r Franck-Condon level 2 in the first excited singlet band S l . From level 3 the molecules return to the ground state by spontaneous emission and radiationless transition (time constant T f ) and by amplified spontaneous emission (transition to level 6). The return to the S 0 -band via level 7 by stimulated emission at pump laser frequency v L is included. The pump laser at frequency v L and the generated amplified spontaneous emission signal at frequency v ASE may suffer excited-state absorption from S, to S nl and S n2 , respectively. The intersystem crossing from singlet states to triplet states is neglected since the transmission behaviour of picosecond pulses is studied.
The two-photon absorption dynamics of the level system of Fig. 1 is described by the following equation system. Only isotropic single photon and two-photon absorption cross-sections are considered. The equations are transformed to a moving frame by /' = / -nz/c 0 where t is the time, z the spatial position in propagation direction, n the refractive index and c 0 the speed of light in vacuo. The equations are (9) dz
T RAD 4n
The initial conditions for the number densities of the level populations (dimension cm -3 ) are N,(f = -oo,r,z) = N 0 ,N 2 (-oo) = N 3 (-oo) = W 4 (-oo) = W 5 (-oo) = O^^-oo) = Q 6^N0 and N 7 (-co) = Q 7 N 0 . N 0 is the total number density of dye molecules. The amplification of spontaneous emission may occur over a wide frequently region. Within this region the stimulated emission cross-section and the terminal level population varies. In the calculations band 6 is grouped into m sublevels / of spectral width Av 6>/ . The thermal occupation factor of sublevel (6, /) is denoted Q 6i . It is approximately given by Q 6i « OA( V ASE,I)/°^U • * s t n e stimulated emission cross-section at frequency v ASE/ . C a ( v ASE,/) l s t n e effective absorption cross-section at v ASE , [17, 18] . The thermal occupation factor Q 7 is approximately given by Q 7 « Ö'ACVL)/
'^-
The inititial light intensities are I L (f, r, z = 0) = / 0 L^(^oKW r o) a n d /ASE,I(^» z = 0) = 0 (/ = 1, . . . , m). I OL is the peak intensity of the pump laser light at the entrance position of the two-photon absorber. The temporal and spatial pulse shapes are assumed to be Gaussian, i. is the orientation-averaged two-photon absorption cross-section. The second term handles the amplified spontaneous emission. The third term is due to stimulated emission at the laser frequency v L . The last term gives the S,-S 0 relaxation. T F = q F T md is the fluorescence lifteime, q F is the fluorescence quantum efficiency and t rad is the radiative lifetime. A single exponential relaxation is assumed in the analysis.
The second equation contains the two-photon absorption, the excited-state absorption, the relaxation within the St-band and the S { -S Q relaxation. Equation 3 describes the S! -state dynamics. The first term gives the level population by Franck-Condon relaxation. The second and third terms take care of excited-state absorption of light at frequencies v L and v ASE . The fourth term is due to amplified spontaneous emission, and the fifth term is due to stimulated emission at frequency v L . The last three terms are responsible for relaxation.
Equations 4 and 5 describe the excited-state absorptions. Equations 6 handle the populations of the sublevels (6, /) by amplified spontaneous emission. The first term gives the contribution of spontaneous emission to the frequency interval Av 6/ . e ASEi = E(v ASEi )Av 6i /q F is the fraction of fluorescence light which is emitted in the frequency interval Av 6>/ around the frequency v ASE E(v ASEi ) is the fluorescence quantum distribution (j em £'(v)dv = q F , integration over S 0 -S x fluorescence band). The second term of Equation 6 gives the light amplification. The last term causes thermalization within the S 0 -band with a time constant T V6 . Equation 7 represents the population of level 7 by stimulated emission of laser light at frequency v L . The first term gives the stimulated emission and the second term is responsible for thermalization with a time constant T V 7 .
The change of pump laser intensity is described by Equation 8 . The first term takes linear losses into account (no transition shown in the level diagram of Fig. 1 ) as light scattering, vibrational overtone absorption of solvent and impurity absorption. a L is the linear loss coefficient. Absorption bleaching is not included in the analysis. A bleaching of a L would lead to enlarged o {1) and ^-values in the fitting of the calculations to the measured energy transmission. The second term gives the loss of laser light due to two-photon absorption. The third term takes care of excited-state absorption, and the last term considers stimulated emission.
Equations 9 describe the amplification of fluorescence light. The first term gives the seeding spontaneous emission in a frequency interval Av 6 , around v ASEi . AQ is the solid angle of efficient amplified spontaneous emission. The second term causes amplification of fluorescence light and the third term described excited-state absorption. The total amplified spontaneous emission intensity 4SE is given by / A S E = S^L, I ASEJ .
The intensity transmission T { is
The time-integrated intensity transmission is r TI (r) = 
R is the reflectivity of the dye cell. The equation system 1-9 is solved numerically to determine the two-photon absorption crosssection a a) and the excited-state absorption cross-section by fitting the calculated energy transmission to the measured energy transmission.
The influence of o\ m on the two-photon absorption dynamics is seen by inspection of Equation 8 . Neglecting the population densities N 4 and N 7 gives
For all investigated dyes in this paper it is a\ m <^ o\ x and the stimulated emission at the pump laser frequency v L has no influence on the absorption dynamics. (For the situation of a\ m > a\ x see [16] Formal integration of Equation 15 gives
where f eff is approximately the minimum value of At L and T f . The Sj -state population at time t' = t 0 becomes equal to N 0 /2 for a pump pulse peak intensity of
is called the two-photon absorption saturation intensity. For a typical SQ-SJ two-photon absorption cross-section of cr (2) = 2 x 10~4 9 cm 4 s (see results below) and t eS = At L = 5ps, the two-photon saturation intensity is 7 S (2) « 4 x 10 n Wcm 2 (A L = 1.054 /mi). In the experiments the non-linear transmission measurements are carried out for I OL <^ 7 S (2) so that ground-state depletion does not influence the two-photon absorption process.
If amplified spontaneous emission occurs (G^E > Ö4 SE ), then the spontaneous emission is amplified approximately exponentially [19] with a gain factor
Amplified spontaneous emission occurs for
Op. m ^ex "em "ex
<x* SE
The corresponding threshold pump laser intensity is (solution of Equation 16)
/ASE(0 approaches the pump pulse intensity 7 0 L f°r G « exp (20) 
~ /^ASE _ASE\/ V^U
The limitation of the S,-state population hinders ground-state depletion and reduces the transmission losses due to excited state absorption.
Experimental
The experimental arrangement for the two-photon transmission measurements is shown in Fig. 2 . A mode-locked Nd-phosphate glass-laser is used in the experiments (2 L = 1.054/mi, At L « 5ps). From the pulse trains single picosecond pulses are selected with a Kerr shutter. The single pulses are increased in energy by a Nd-glass amplifier. The pulses are focused to the dye samples. The input pulse peak intensity is determined by measuring the transmission through a saturable absorber in Highly concentrated dye solutions have been used in the two-photos absorption measurements to achieve resonable two-photon absorption losses. At these high concentrations dye aggregation occurs [21] [22] [23] [24] [25] [26] [27] . The absorption cross-section spectra, stimulated emission cross-section spectra, and fluorescence lifetimes at high concentrations have been determined by absorption spectra [28, 29] , emission spectra [29, 30] and fluorescence quantum distribution measurements [30, 31] .
Spectroscopic properties of investigated dyes
The structural formulae of the investigated dyes are collected in Fig. 3 . The dye concentrations and solvents used in the two-photon absorption measurements are listed in Table I . All dyes are used without further purification.
The monomer and dimer absorption and monomer cross-section spectra of the dyes rhodamine 6G chlorid (Kodak) and l,3,r,3 / -tetramethyl-2,2 / -dioxo-pyrimido-6,6 / -carbocyanine hydrogen sulphate (PYC, gift of Dr U. Mayer, BASF, and Professor K. H. Drexhage) are given in [30] and [29] , respectively. The monomer and dimer cross-section spectra of safranine T (Fluka) are presented in Fig. 4 . For 1,3,3,1^3^3'-hexamethyl-indocarbocyanine iodide (HMICI, Koch-Light) the monomer and dimer absorption cross-section spectra are shown together with the monomer emission cross-section spectrum in Fig. 5 . The dimer emission cross-section spectrum could not be resolved since excimers [32] are formed by the excitation of highly concentrated HMICI solutions. For methylene blue (Merck) and fuchsin (Fluka) only the monomer spectra have been measured and they are presented in Figs 6 and 7.
The actual cross-sections <7 A (/l, C) and a em (b C) at concentration C and wavelength Knowing V x , x D is obtained by application of Equation 23 . For the dyes rhodamine 6G, PYC, safranine T and HMICI the dependence of x D on the concentration C is depicted in Fig. 9 .
T-i-i-i-i-i-i-i-i-i-i-i-i-i-i-i-i-i-i-i-i-i-i-r
The fluorescence quantum distribution, E(k, C), of the dyes rhodamine 6G [30] and PYC [29] have been determined previously. E(X, C)-curves of the dyes safranine T and HMICI are presented in Figs 10 and 11 , respectively. In case of safranine T, curve 1 (C = 10~3moldm~3, same curve is The fluorescence quantum distribution spectra of fresh solutions of HMICI in hexafluoroisopropanol exhibit excimer formation at high concentrations (curves 2' and 3' in Fig. 11 ). In old
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In the case of single exponential fluorescence decay the fluorescence lifetime, x ¥i (i = M, D) is given
In the following analysis of the two-photon absorption dynamics the monomer and dimer contributions are not seperated. In this crude description the concentration-dependent fluorescence lifetime (as may be determined by streak camera measurements) may be approximated by , because the shapes of the fluorescence spectra of highly concentrated HMICI solutions change with time due to the dynamics of excimer formation and the mirror symmetry between the absorption spectrum and the fluorescence quantum distribution spectrum is lost.
Two-photon absorption results
The measured two-photon transmissions T E versus input pulse peak intensity I OL are depicted in and the excited-state absorption cross-sections o\ x are varied. The best-fitting <7 (2) and G\ X values are included in Table I . For rhodamine 6G two-photon absorption cross-sections have been reported already (same excitation wavelength) [9] [10] [11] [37] [38] [39] Table I and cross-section spectra are given in [30] . The wavelength of peak fluorescence emission versus pump pulse intensity is depicted in Figs 14a, 16a, 20a and 22a. With rising S, -state level population at high pump pulse intensities the emission peak shifts to shorter wavelengths (higher stimulated emission cross-section o^E).
The integrated level population $ [16] . The shorter T v6 is, the smaller the accumulation of population in level 6 (see [16] ). The influence of T 6v on 7V 3 and N 6 is illustrated in Fig. 22 .
The S,-state population ^N 3 dz rises quadratically with intensity at low pump pulse intensities. At high pump intensities ^N 3 dz levels off to a linear rise since at high input intensities nearly all pump photons are absorbed by two-photon absorption (T E -> 0) and the number of excited molecules becomes proportional to the number of incident pump photons. If amplification of and o\ x determination is not disturbed by o^E, since in the intensity range of experimental energy transmission measurement the amplification of spontaneous emission is still too weak to change significantly the level population A^3. The situation would be different for PYC where the level population JV 3 is reduced above I OL « 4 x 10 10 Wcm~2 by amplification of spontaneous emission and T E -measurements have been carried out up to I OL « 8 x 10 10 Wcm -2 . However, for this dye the excited-state absorption is negligible) o\ x ^ 3 x 10 _18 cm 2 ) and a reduction of 7V 3 has no influence on the two-photon absorption (ground state becomes not depleted).
Influence of various parameters
The build-up of amplified spontaneous emission and its influence on the energy transmission under various experimental conditions are shown in Figs 23 to 25 . The data of 0.2 M rhodamine 6G in methanol are used. The varied parameters are listed in the figure captions.
The dependences of T Tl , 7 ASE , A^3 and 7V 6 on the sample length are illustrated in Fig. 23 . For the selected input peak intensity of I OL = 10 11 Wem" 2 the transmission decreases strongly within the first 2 mm and then levels off. Correspondingly the level population ]* 0 N 3 dz increases strongly and causes a strong rise of 7 ASE within the first. 2 mm. The amplified spontaneous emission signal rises with increasing
. After a steep rise of the amplified spontaneous emission intensity to a peak The influence of the amplified spontaneous emission cross-section is shown in Fig. 24 . The excited-state absorption cross-section <J l x is changed for the various curves. The amplified spontaneous emission signal rises with d^E. T TL is only effected by if ö"ex > 0 and strong ASE generation occurs (slight indication by broken curve 2 of Fig. 24a ). Rising a\ x -values reduce the amplification of spontaneous emission since photons are lost for the population of level 3 (see N 3 -curves of Fig. 24b ). In case of strong amplified spontaneous emission (curves 1, <r L x =. 0) the upper ASE-level population N 3 reduces and the lower ASE-level population N 6 is filled. The transmitted laser pulse durations are independent of Ö^E.
The influence of excited-state absorption a L x on T TL , 7 ASE , N 3 , N 6 and A/ L (/) is depicted in Fig. 25 . The two-photon absorption cross-section <x (2) is changed for the various curves. The effect of amplified spontaneous light generation is strongly reduced with rising <r 
10~1
6 cm 2 , a\ x = 0, I OL = 10 n Wcm" 2 and / = 2mm (for other parameters, see figure captions). The dotted curve indicates the input pump pulse shape. The pump pulse is broadened. The ASE pulse is strongly shortened (situation of strong amplified spontaneous emission). In Fig. 26b and / = 2mm is depicted. The pump pulse is slightly shortened by the enhanced excited-state absorption at the trailing part (accumulation of population in level 3).
Conclusions
The SQ-SJ two-photon absorption dynamics of some dyes has been investigated. The two-photon absorption cross-section, o {2 \ and the excited-state absorption cross-section, a L x , may be determined by measurement of the energy transmission versus input pulse intensity without consideration of amplified spontaneous emission if amplified spontaneous emission does not remarkably change the -level population. The occurrence of effective amplified spontaneous emission light generation is easily checked by forward fluorescence light detection. In the case of ASE-light generation with a conversion efficiency above 10" 2 the depopulation of the S,-state reduces the transmission loss by excited-state absorption. In this case the generation of amplified spontaneous emission light has to be included in the determination of o
{2)
and o\ x . The amplification of fluorescence light of two-photon excited dye solutions may be applied to generate intense picosecond light pulses at new frequencies. In some cases this generation scheme may be an alternative to the generation of intense picosecond light pulses by single-photon excited amplified spontaneous emission [40, 45, 46] with frequency doubled pump pulses. It may be advantageous if excited-state absorption of second harmonic light hinders large excitation depths. Table I. 
